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Abstract 
Semiconductor type gas sensors based on aluminum-doped zinc oxide with under 50 nm particle size were fabricated 
on Si substrate. The prepared materials were very fine and uniform and we found out that particle sizes were about 
10-25 nm through X-ray diffraction analysis and scanning electron microscopy. Gas response characteristics were 
examined for formaldehyde (HCHO) gas existing in building. In particularly, the sensors showed responses to 
formaldehyde gas at sub ppm (cf, standard of natural environment in building is about 80 ppb), as a function of 
operating temperatures and gas concentrations. The lowest detection limit is HCHO 25 ppb and sensitivity of 800 ppb 
is over 60 % at 350 oC operating temperature. The response time (8s) to HCHO gas was very fast compared to other 
commercial products in flow type measurement condition.  Repetition measurement was very good with ±2 % in full 
scale. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
In the last decades, poor indoor air quality (IAQ) has aroused public concern all over the world [1]. 
Experts believe that HCHO is the most important and major indoor air pollutant and is induced sick 
building syndrome. Most indoor formaldehyde pollution is caused by building materials, interior 
decoration materials, wood furniture, carpet, and so on. It strongly irritates human eyes and nose, and is a 
carcinogen [2]. Many governing World Health Organization (WHO) [3], 1 ppm by National Institute for  
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Occupational Safety and agencies have established limits of long-term exposure to HCHO: 0.07 ppm (30 
min average) by Health (NIOSH), of USA [4], 0.06 ppm (1 h average) by Chinese environmental 
protection agency (EPA) [5], 80 ppb for newly constructed building by Ministry of Environment for new 
building construction of Korea [6].  
Semiconductor gas sensor has many advantages like high sensitivity at low level concentration, good 
stability against environmental change and low price [7-12]. Recently, there were some reports on 
formaldehyde gas sensors with different structures using semiconductor materials [1,2]. But, response 
time was still needed a few hundred seconds at range of ppb concentration.  
In this study, semiconductor thick film sensors based on aluminum-doped zinc oxide (AZO) with 
nanoparticle size were fabricated to improve response speed and sensitivity. Furthermore, their responses 
to ppb level HCHO gas were examined with various operating temperatures and gas concentrations. 
Materials are characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) analysis. 
2.  Experimental Details 
An SiO2/SixNy/SiO2  thin film for the membrane was deposited by the LPCVD process on 4 inch 100 
p-type two-side polished Si wafer with 500 um thickness. Pt thin film for sensing electrode was deposited 
by E-beam evaporation process and electrode pattern was made by lift-off process in acetone. Sensing 
electrode has inter-digit (IDT) structure with 10 um width and 5 um gap. AZO powder as material for gas 
sensing was prepared. The paste for screen printing was prepared using roll milling process with binder. 
Sensing materials were screen-printed on IDT electrode and dried in electric oven. Area of sensing film is 
150u150 um2. Prepared samples were sintered at various temperatures in electric furnace for 1 h.  
Gas sensing properties were measured using a computer-controlled characterization system. Gas 
sensors prepared on the Si substrate were investigated on hot-chuck in the water-cooled steel chamber 
which is possible to control temperature precisely. Air as balanced gas was used at 2000 cc/min flow rate 
and HCHO gas of 20 parts-per-million (ppm) was used as an analyte and mixed with balanced gas to 
adjust desired analyte concentration from 25 parts-per-billion (ppb) to about 2 ppm using mass flow 
controller (MFC). The resistances of the sensor materials were measured by using an Agilent digital 
multimeter 34970A. 
3. Results and Discussion 
The prepared materials were characterized using optical microscopy and SEM, TEM for surface 
morphology and thickness, X-ray diffraction (XRD) for their crystallite sizes and structure. The prepared 
AZO powder has less than 50 nm particle size and over 20 m2/g specific area. The AZO powder was used 
for preparing paste in 50 % solid contents. Particle size was analyzed as the range of 10~25 nm by 
applying scherrer’s equation to XRD results and it was also increased when sintering temperature was 
increased [13].   
Response properties to analyte gas were examined with sensing films at different operating 
temperatures and gas concentrations. The definition of sensitivity is shown in Equation 1. 
 
S (%) = (Ra-Rg)/Ra u 100                                                                                                                 (1) 
 
Where Ra and Rg are resistances of sensing material in air atmosphere and gas atmosphere, 
respectively. 5HVSRQVH FXUYH DV IXQFWLRQRI+&+2FRQFHQWUDWLRQ DW  ƕ&RSHUDWLQJ WHPSHUDWXUHZDV
shown in Fig. 1. The figure shows the real response curves by digital multi-meter. After stabilizing for 3 
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min, a gas flow meter was used to inject the test gas for 2 min, followed by an injection of fresh air for 2 
min. The injected gas concentrations were 25, 50, 200, 800, and 1670 ppb in sequence. The flow rates of 
balance gas and target gas were 2000 cc/min and 2~200 cc/min, respectively. When the gas concentration 
increases, the sensitivity increases logarithmically. In low concentration, response was slow because of 
gas diffusion problem but response was very fast in high concentration. Same concentration (800 ppb) 
was injected to confirm sensor reproducibility in terms of sensitivity. The sensor showed over 25 % 
sensitivity in 50 ppb HCHO concentration and 60 % in 0.8 ppm at 350 oC operating temperature. As 
shown in Fig. 2, the response and recovery of sensor are very fast and repetition of 800 ppb is very good. 
We think fast response originated from the very small particle size of sensing materials. Considering the 
guideline value of HCHO as a pollutant in building environment by WHO [14], we expect that the sensor 
detecting HCHO is feasible to be applied in environmental monitoring in building. 
We measured response and recovery time of the sensor (Fig. 2). When we define response time as 
period for a sensor to reach from 10 % to 90 % of sensitivity at a certain concentration and recovery time 
as vice versa, response and recovery time of the sensor in 200 ppb HCHO at 350 oC was 8 s and 32 s, 
respectively. 
4. Conclusion 
Thick film semiconductor gas sensors based on AZO were fabricated on Si substrate and their physical 
and gas response characteristics were investigated for the application in sensing formaldehyde (HCHO) 
gas in indoor environment such as building, subway, etc as the major air pollutant.  
AZO gas sensor was measured as flow type and resistance changes of sensing materials were 
monitored in real time using PC. Sensors were measured as a function of operating temperature and sub 
ppm concentration. The lowest detection limit is HCHO 20 ppb and sensitivity of 800 ppb is about 60 % 
at 350 oC operating temperature. Response and recovery times were 8 s and 32 s in 200 ppb concentration, 
respectively. The fabricated metal oxide gas sensor showed good performance to HCHO gas and proved 
that it could be adaptable to indoor environment in building. 
 
 
(a)                                                                                     (b) 
Fig. 1. (a) Response curve (b) logarithm curve as function of HCHO concentration at 350 oC operating temperature. 
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Fig. 2. Response and recovery time graph at HCHO 200 ppb concentration. 
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